ABSTRACT
Introduction
The prevalence of dominant-subordinate relationships in animal societies suggests that there is an adaptive significance to achieving a high rank when in a group (Huntingford & Turner 1987) . Functional explanations have focused on access to resources such as food or mates (e.g. Postin 1997; Basquill & Grant 1998) . Competition by overt aggression may be extremely costly, possibly causing fatal injury, enhanced predation risk, greater energy expenditure or stress leading to increased susceptibility to pathogens (Huntingford & Turner 1987) . Rather than costly fighting, contests tend to involve ritualized displays allowing assessment of competitor's ability. A classic example of an assessment display is the roaring and parallel walk of rutting red deer stags (Cervus elaphus; Payne 1998) . The ability to form or establish stable dominance hierarchies is an evolutionary 'solution' to competition for resources among conspecifics. 'Knowing your place' in a pecking order allows individuals to avoid both costly fights and the use of costly assessment signals (Barnard & Burk 1979; Sirot 2000) . Individuals should be aggressive if they do not know a conspecific's rank position (unfamiliar or unsettled rank position) until the ranks have been settled (Tindo & Dejean 2000; Utne-Palm & Hart 2000) . Once an individual recognizes a conspecific's rank (e.g. when foraging with familiar fish, Gasterosteus aculeatus, Utne-Palm & Hart 2000) or when the ranks are settled (Tindo & Dejean 2000) overt aggression may not be necessary.
The investigation of dominance hierarchies can be useful in studies of social behaviour as this allows the prediction of a variety of social outcomes including the distribution of resources such as food, shelter and access to mates (Richards 1974) . In general, the distribution of agonistic behaviour between individuals has been accepted as the most useful criterion for measuring dominance as dominance is a property of all interactions between individuals in a group. A dominant animal may be thought of as one whose behaviour is not limited by others, while a subordinate is limited by the action of others and this has wide implications on the behavioural strategies adopted by animals of different social status (Deag 1977) .
Recent research has suggested that hierarchies are not stable when environmental conditions are altered. There has been a focus on interspecific dominance and ecological change. However, intraspecific competition will by its very nature be more intense as generally animals within one population congregate in preferred habitats and compete for the same resources (Mayer & Berger 1992) . The resulting dominance hierarchies within species should be affected by differing environmental conditions. Habitat quality has been shown to affect the nature of dominance hierarchies in several species (Pruetz & Isbell 2000) . When food patches were widely dispersed, aggression levels were low and dominance hierarchy structure was unstable, which is in contrast to the highly aggressive and stable hierarchies when food patches were few and clumped (Pruetz & Isbell 2000) . Relatively few studies have examined the impact of environmental change on intraspecific dominance hierarchies. Sloman et al. (2000) reported that rainbow trout hierarchies, Oncorhynchus mykiss, became unstable when water levels were decreased but did not provide information about each individual's response. In brook trout, Salvelinus fontinalis, aggressive behaviour and territory size of individuals decreased when water velocity increased (McNicol & Noakes 1984) .
Environmental perturbations (or disturbance) are an integral and ubiquitous part of ecological systems (Holling 1973; Neubert & Caswell 1997) ; therefore, it is vital that these are taken into account when analysing the social behaviour of any species. Most studies on behaviour have been conducted under precise, controlled conditions, which is necessary when addressing functional questions; however, the natural environment is rarely constant. Individuals that may do well in one particular set of environmental conditions may not do so well when conditions change and this affects their probability of survival and possibly overall fitness. Empirical studies have shown that dominant individuals of this species secure more matings, and have offspring with better parasite resistance (Kraak et al. 1999; Barber et al. 2001) . This raises the question of how we define the fittest individual within a hierarchy as we would normally identify the dominant as the fittest. However, if the dominant cannot maintain its dominant position when the environment changes, this challenges our assumption that we can use dominance as a fitness correlate. Therefore, it is crucial to understand how altering the environment influences the structure of hierarchies but also what impacts this has on individual behaviour. The present study aims to unravel the effects of ecological changes on the structure, stability and benefits of rank position within a dominance hierarchy using three-spined sticklebacks, G. aculeatus, and examine each individual's response to abiotic disturbance. This will provide more detailed information about how each individual is affected by an environmental challenge and what impact this has on the dominance hierarchy. Aquatic species encounter a wide variety of environmental perturbations in the wild and these are easily reproducible in the laboratory aquarium. Outside the breeding season, sticklebacks live in mixed sex shoals and juvenile aggression becomes visible, in laboratory conditions, at 4 wk from hatching (Bakker 1986 ). Juveniles within groups display agonistic behaviour that is commonly comprised of unilateral attacks or displacements (Wright & Huntingford 1993) . This potential for the formation of a dominance hierarchy and the fact that sticklebacks can colonize various habitats, such as ponds, rivers and estuaries, and are subject to a wide variety of environmental disturbances make it a good species for the examination of the impact of ecological change on the stability of the hierarchy and the pay off to individual rank members.
We examined the influence of environmental perturbations, water levels (simulated drought) and turbulence (increased flow within the tank) on the structure and stability of a dominance hierarchy when comparing these with undisturbed hierarchies. Individual response to the ecological variation was assessed to determine the changes in levels of aggression and also foraging rate. These ecological factors may impose different energetic demands upon the individual fish and so individuals may do better or worse in the altered environment and potentially increase or decrease in rank position. The stability of the hierarchy may be disrupted because of changes in performance of each individual. We also determined the benefit of each rank position within the hierarchy in terms of weight change over the experimental period.
Methods

Collection and Maintenance of Animals
Three-spined sticklebacks (G. aculeatus, length 31.8-53.7 mm; weight 0.42-2.29 g) were collected twice from Inverleith pond, Edinburgh, between Nov. 1999 and Mar. 2000 using mesh fish traps. This involved using two cohorts within each population and, therefore, there was two size classes used which explains the wide range of sizes used. The fish were transferred to aquaria, chosen at random and put into groups of four and were housed in tanks that were 45 x 30 x 30 cm in size. Each tank (n = 24), had a gravel substratum, was filled with aerated freshwater kept at 12 ± 1˚C and had an adjustable internal filter (Interpet, Surrey, UK). We kept the fish on a light-dark cycle of 8:16 h (L:D). This was necessary to maintain the non-breeding condition. Individual fish was identified through marking them with a coloured plastic ring placed over a dorsal spine (blue, yellow, pink, green) which was not related to their rank position (Kruskal-Wallis Test of colour and rank, H = 2.37, df = 3 p = 0.499, n = 96).
We chose the small group size of four to allow more accessible data analysis, although this may not be the most natural group size. We fished different populations using hand nets and minnow traps and found that group size can range from a few individuals to over 20 per catch (pers. obs.). Fish were weighed to the nearest 0.1 g and length measured by standard measurements (excluding caudal fin) to the nearest 0.1 mm before beginning the experiment. These measurements allowed us to calculate size differences for each social group. Group size difference was determined as the weight of the smallest fish divided by the weight of the largest fish in each group (length and weight were highly correlated r = 0.852, p = 0.007 so only weight was used as this was used as a measure of growth during the experiment). Fish were weighed at the end of the completed experiment to investigate any weight change over time, a factor that was also investigated in analysis. Fish were not sexed primarily as it had been observed that the prebreeding aggressive behavior of male and female sticklebacks is indistinguishable (Huntingford 1979) .
Behavioural Observations
A pilot trial was undertaken to ascertain the time taken for a group of four sticklebacks to develop a stable dominance hierarchy. Four tanks of four fish were allowed to settle over a week then observed over 7 d, during two observation periods of 20 min a day. This demonstrated that each experimental group became stable after 4 d. Therefore, in the subsequent experiments described below, the experimental groups were left for 7 d after being transferred to the aquarium, to allow the formation of a hierarchy and then the observations began for a further 14 d.
We made observations twice daily, AM and PM, for 20 min per tank during the light period and the number of agonistic interactions performed during that period was recorded as well as food intake during the PM observations. Agonistic behaviour recorded consisted of attacks and retreats. An attack or chase was defined as an approach by one fish from more than one body length away that could involve physical contact if the receiver did not retreat before contact was made. A retreat was the direct movement of one fish away from an attacking fish. In some cases the receiver of an attack would not retreat but would attack the attacking fish. This would be recorded as attacks made by both fish. These definitions were similar to those recorded in other studies of different fish species (e.g. Bailey et al. 2000) .
In the PM observation, we introduced prey into the middle of the tank at the start of the 20-min trial and the number of prey items eaten by each individual recorded, as well as the agonistic behaviour. The prey were red mosquito larvae, and these were presented in a plastic microtitre plate with one larva in each of the holes on the plate, held in place with vaseline. This method was chosen to make the food clumped and, therefore, defensible as this arrangement of resource patterning contributes to hierarchy formation (Ryer & Olla 1996; Goldberg et al. 2001 ). This method also enabled the feeding rate to be more accurately noted as the fish were only feeding in one region of the tank. We filled plates with a total of 48 worms available, thereby allowing 12 worms per fish per day.
The order of observations was randomly allocated between the tanks so as to remove any bias or order effect that may have occurred. The data were recorded from each trial by speaking into a dictaphone. The tapes were played back after the observations so that each fish could be scored for the number of attacks, number of retreats and number of prey items eaten. We calculated the dominance score by deducting the number of retreats performed from the number of attacks. This meant an individual making a high number of attacks but receiving few attacks would be scored highly whereas an individual making a low number of attacks and receiving a high number of attacks would have a low score. This method, used in other studies (Hughes 1992; Bailey et al. 2000; Sloman et al. 2000 Sloman et al. , 2001 , gave a score for each individual within a group. The individual with the highest score was the dominant and ranked 1 whereas the individual with the lowest score was ranked 4. Thus a hierarchy could be calculated for each group under the different environmental conditions.
Experimental Manipulations
The experiments consisted of two different treatments that manipulated water level and turbulence. There was also an undisturbed control treatment. Each of the three treatments was applied to eight tanks (n = 24). To control for the effect of the time course of the experiment, four tanks were left in pre-manipulation state for 4 d before the conditions changed for 7 d. The remaining four tanks were left for 7 d prior to changing the conditions for 7 d. This experimental design ensured that any changes in dominance behavior were because of the change in environmental conditions and not simply because of the time course of the experiments (one-way anova comparison of dominance scores obtained before environmental change between tanks held for 4 d and tanks held for 7 d in control conditions, F 1,23 = 0.17, p = 0.684; Table 1). In the water level treatment, the water level was lowered by siphoning off the water via the internal pump so that the outflow ran out of the tank with minimal disturbance to the fish. The depth was reduced from 23.4 to 13 cm over a period of a few minutes. In natural conditions, drought significantly reduces water levels in rivers and ponds (Taniguchi et al. 2004 ). In the turbulence treatment, we increased turbulence by increasing the filter power to double (from 180 to 360 l/h). This simulated spate which is a result of increased inflow of water into natural water bodies which has been shown to affect the behaviour of fish (e.g. Carlsen et al. 2004 ). The control groups were not manipulated during the time course of the experiment.
At the end of the experiment each fish was removed from the tank and weighed to determine any weight changes that may have occurred during the experimental procedure. After this the fish were humanely killed by overdose in MS222 (100 mg/l) (MS222, Sigma, Dorset, UK).
Statistical Analyses
To obtain a stability value, we used Kendall's Coefficient of Concordance to test how concordant the dominance score was for each rank within a hierarchy and this gave a coefficient value between 0 and 1 with 0 meaning no stability and 1 meaning totally stable. This was performed using daily dominance score against the average rank of each of the four fish per tank in week 1 and comparing this with week 2. We deducted the coefficient value obtained before the manipulation (first 4 or 7 d) from the value obtained during the manipulation (second 7 d). Therefore, a negative value indicated a reduction in stability and a positive value indicated an increase in stability. For example, one group had a coefficient value of 0.68 before water levels were lowered but afterwards the dominant was deposed and the third rank also lost position (ranks 1, 2, 3, 4 became 2, 1, 4, 3 respectively) giving a much lower coefficient of 0.38. In contrast, in the control, one group had a coefficient of 0.69 and the rank positions did not change over the experimental period (ranks 1, 2, 3, 4 maintained their status) and the coefficient was similar, 0.72, for the second time period. A two-factor anova was used to assess if the coefficient values were significantly different before and after the manipulation and also between treatments. A pair of two-factor anovas with one repeated measure (a 'one within and one between' model) were used to determine the effects of disturbance ('before' or 'after' -repeated measure) and the treatment type ('control', 'turbulence' or 'drought') on the rate of food intake and the rate of aggression. The data for these analyses were transformed to give a normal distribution (ln +1). To assess whether there was a relationship between size ratio and level of aggression within each tank we used Spearman rank correlation. This test was also used to assess if there was a relationship between food intake and size ratio.
Each rank member was compared to assess whether absolute size, performance of aggression and food intake was related to dominance position using Kruskal-Wallis tests. The weight change of each rank over the experimental period was compared using a Kruskal-Wallis test.
Results
What Were the Characteristics of Each Rank Position?
The dominant individual was neither the longest (Kruskal-Wallis, H = 0.28, df = 3, p = 0.96, n = 96) nor the heaviest fish (H = 0.76, df = 3, p = 0.86, n = 96) within a group. The dominant individual ate the greatest proportion of food ( Fig. 1 ; H = 97.06, df = 3, p < 0.001, n = 96) and performed the most aggressive acts ( Fig. 2 ; H = 404.34, df = 3, p < 0.001, n = 96). When comparing the rate of aggression minus defensive (retreats) acts, the second rank performs more aggression than retreats whereas the third and fourth ranks perform more defensive acts than aggressive attacks (Fig. 2) .
The dominant individual gained weight over the experimental period, fish ranked 2 and 3 lost weight whereas fish ranked 4, the lowest rank, gained weight ( Fig. 3 ; Kruskal-Wallis, H = 15.21, df = 3, p = 0.002, n = 96). 
Stability of the Dominance Hierarchy Subject to Environmental Variation
There were changes in the stability of the dominance hierarchies in the three treatment groups when the environmental conditions were manipulated. Kendall coefficients of concordance were calculated before and after treatment and signify stability (Table 2 ). There was a reduction in stability in the water level and turbulence treatments but hierarchies became more stable in the control treatment ( Fig. 4 ; Two-way anova; before and after effects, F 1,18 = 12.11; P = 0.001). However, there was no significant effect between treatments (F 2,18 = 2.93; P = 0.065) but there was an interaction between treatment and before and after effects (F 2,18 = 5.97; P = 0.005). The dominant individual at the beginning of the experiment was ranked first throughout the experiment in 17 of the 24 tanks (Table 3 ). In the other seven tanks (four in turbulence, three in water level) the dominant was deposed when the environmental conditions were manipulated (e.g. dominance coefficient in water level went from 0.68 to 0.38 and in turbulence from 0.60 to 0.41 demonstrating a decrease in stability) and this tended to happen when the fish within the group were of a similar size (<10% size difference). Rank changes occurred between ranks 2 and 3 with rank 3 becoming rank 2 after manipulation in seven tanks (three in turbulence, three in water level and one in control treatments). Rank changes occurred between ranks 3 and 4 with rank 4 increasing its rank to 3 in six tanks (two in turbulence, two in water level and two in control treatments). In two tanks, rank 4 became rank 2 and the previous rank 2 dropped to ranks 3 or 4. 
Are Aggression Levels and Foraging Affected by the Environmental Changes?
Aggression levels significantly increased after water levels were lowered to simulate drought (F 2,12 = 4.87, p = 0.041). There was no difference in levels of aggression when comparing pre-and post-manipulation aggression in the turbulence (F 2,12 = 0.37, p = 0.545) and control treatments (F 2,12 = 1.71, p = 0.192). More aggression was performed in the water level treatment when compared with the other two treatments after the environmental conditions were altered ( Fig. 5 ; F 2,18 = 4.97, p = 0.007). Mean aggression levels within each group was correlated to the weight ratio between the smallest and largest individuals (Spearman rank, rS = 0.567, p < 0.01, n = 24). When the individuals within a group had a large size difference, the dominant individual performed the majority of aggressive acts whereas when the groups were of similar size all the ranks performed a more equal proportion of the aggression (Fig. 6 ). Aggressive acts were performed more in the observations without food present (repeated measures anova, F 2,42 = 27.01, p < 0.001). Food intake (mean number of prey items per minute) was similar over the three different treatments (F 2,18 = 2.25, p = 0.130) and there was no difference between pre-and post-manipulation feeding rates (F 2,42 = 2.71, p = 0.095). Feeding rate was correlated with the size difference within groups (rS = 0.352, p = 0.050, n = 24); each individual within a similar-sized group obtained a more equal proportion of the available food, whereas in the groups with large size differences the dominant monopolized the food and ate the greatest proportion.
Discussion
The stability and structure of the dominance hierarchies of the three-spined stickleback, G. aculeatus, were influenced when the fish were subject to an environmental perturbation. The hierarchies became less stable when drought and increased turbulence were simulated but stability increased when the hierarchies were undisturbed. This may reflect the demands of the environmental manipulation to which the fish were subjected. Lowering water levels, which will increase density and encounter rates, and increasing turbulence may place extra energy demands upon the fish and so constrain their behaviour. Perhaps the dominant individuals could not cope as well in this new environment and were deposed or became more aggressive because of the increased energy demands thus increasing hunger levels or the value of the food resource. Similar evidence has been demonstrated in studies where increasing water velocity reduced aggression levels in brook charr (McNicol & Noakes 1984) and dominant brown trout lost their physiological advantage over subordinates (Sloman et al. 2002) whereas simulated drought disrupted the hierarchies of this species (Sloman et al. 2001) . It was expected that hierarchies in stable conditions should increase in stability over time as is the case in other species where constant conditions in acute experiments result in stable hierarchies once they have formed (e.g. Forkman & Haskell 2004) . However, these dominance relationships in undisturbed conditions may be a result of being held in confinement within laboratory conditions. Disturbing the conditions caused many hierarchies to become unstable and this may reflect a more natural situation rather than the stable hierarchies we generally see under constant conditions that may be an artefact.
The dominant individual responded to the environmental variation either by becoming more aggressive and significantly increasing its dominance over the second rank or being unable to continue as dominant and being deposed. The loss of dominance tended to happen when the fish within a group were of a similar size. The size difference between the smallest and largest individual correlated with the level of aggression performed by all four individuals. When there was little size disparity within a group, the lower ranks challenged the dominant whereas when there was a large size difference the much smaller fish did not engage the dominant as much. This agrees with Game Theory models that predict that when there is a large size difference between animals, it does not pay the smaller individual to engage a larger individual in a fight it is unlikely to win (Parker 1974) . When animals are more size matched, each animal has a more even chance of winning and in these experiments the dominant was more likely to be deposed and aggression levels were higher when the individuals within the hierarchy were of a similar size.
Aggression levels were higher after drought was simulated than in the other two treatments. This was probably because of the reduction of individual space in the drought treatment, which forced the fish to come into closer contact with one another and resulted in more aggressive encounters. Aggression level also increases in medaka, Oryzias latipes, when the population density increases and individual space is reduced (Ruzzante & Doyle 1990 ) and high densities also increase the rate of aggression in ruffe, Gymnocephalus cernuus (Savino & Kostich 2000) .
Food intake was the same in all three treatments as the same amount of food was available to each group. The dominant individual monopolized the food resource by performing the most aggression within the groups. This was most pronounced when the size disparity within the groups was large. Similar results were demonstrated in groups of individuals of differing sizes of Atlantic salmon, Salmo salar, (Adams et al. 2000) . The dominant individual in hierarchies of other species obtain the greatest proportion of food and also perform the most aggression (e.g. zebra fish, Danio rerio, Basquill & Grant 1998 ; white sea bream, Diplodus sargus, Castro & Caballero 1998; bonobo, Pan paniscus, Vervaecke et al. 1999) . Rank 2 did engage the dominant in aggression as it performed more aggression than defensive acts and continued to do so throughout the experiments and this is possibly because the benefits of being dominant are sufficiently advantageous to the second rank for it to continue trying to become dominant. Ranks 3 and 4 performed more defensive acts than aggression as not only were they attacked by the dominant they also had to contend with the second rank. These results agree with other studies on dominance hierarchies (e.g. sparrows, Junco hyemalis, Barta & Giraldeau 1998; crayfish, Procambarus clarkii, Issa et al. 1999; Atlantic salmon, S. salar, McLean & Metcalfe 2001 ; brown trout, Salmo trutta, Sloman et al. 2001 ) and provide evidence for the hypothesis that the dominant's behavior is not limited by the other rank members but the behaviour of lower rank members (e.g. access to food) is limited by the dominant (Deag 1977) .
One of the benefits of being dominant was a gain in weight over the experimental period, which can be explained by the dominant obtaining the greatest proportion of food. Ranks 2 and 3 lost weight and this agrees with current research on stress physiology whereby ranks 2 and 3 are the most stressed in a hierarchy (Winberg et al. 1991; Sapolsky 1992; Fernandes & Volpato 1993; Sloman et al. 2000) . Even though they obtain food, they use energy to engage the dominant and one another in fights that they do not win and it has been suggested that this is stressful (Sloman et al. 2000) . In salmonids, stress results in a reduction of food conversion efficiency (Metcalfe 1986 ) so this may also account for why ranks 2 and 3 lost weight. Surprisingly rank 4 gained weight over the experimental period. The strategy rank 4 adopts is to avoid aggressive interactions and 'sneakily' obtain access to food whilst the dominant is fighting (Pers. obs.). Therefore, rank 4 was not wasting energy engaging in aggression as seen in the greater amount of defensive acts performed by rank 4 and this may result in weight gain. Conversely rank 3 also performs more defence than aggression yet it actually loses weight as it still engages the higher ranks. In this study, it would pay for a fish to be highly aggressive and monopolize the food resource or avoid aggressive encounters and obtain food in a 'sneaky manner'. This 'sneaky' strategy has also been observed in Atlantic salmon (S. salar) when they are dominated by brown trout (S. trutta; Ho¨ jesjo¨ et al. 2005) . Differences in the foraging strategy utilized by individuals within a hierarchy according to their social position have been demonstrated in sparrows, J. hyemalis (Barta & Giraldeau 1998) , oystercatchers, Haematopus ostralegus (Caldow & Goss-Custard 1996) and great tits, Parus major (Verbeek et al. 1999 ).
These results may also provide evidence for the mechanisms of growth compensation in fish. Growth compensation is a phenomenon whereby a fish deprived of food for a period of time compensates by eating more when food is available and actually catches up to the weight of a similar fish which has not been deprived (Nicieza & Metcalfe 1997; Ali & Wootton 2000; McLean & Metcalfe 2001) . This has been demonstrated in the three-spined stickleback (Zhu et al. 2001) . These sticklebacks are often found shoaling and shoals are generally comprised of similar-sized individuals (Peuhkuri 1999; Hoare et al. 2000a,b; Krause et al. 2000) . If a stickleback of smaller size is placed into a shoal of larger individuals, it compensates by increasing its foraging rate so as to increase its size (Peuhkuri 1998) . Conversely, a larger stickleback placed into a smaller sized shoal reduces its foraging rate (Peuhkuri 1997) . It has been shown that these 'odd' individuals are at a greater risk of predation (Peuhkuri 1998) . It is possible that in these experiments, as the dominant individual is not the largest fish, it is compensating by being aggressive and obtaining most food to catch up in size to the larger individuals within the group The rank 4 fish, which were usually the smallest individuals within the groups, may be adopting their nonaggression strategy to catch up in size to the other fish within the group. Thus there may be an external influence on growth rate dependent upon group size as well as an internal influence demonstrated in other studies (Nicieza & Metcalfe 1997; Ali & Wootton 2000; McLean & Metcalfe 2001) . Social interactions are important determinants of growth in Arctic charr, S. alpinus (Jobling 1985) and in gilthead sea bream, Sparus aurata (Karplus et al. 2000) . Further experiments need to be carried out to test this growth compensation hypothesis.
The environmental conditions had a significant effect on the structure and stability of the dominance hierarchies in this study. Different environmental variables may have distinctive effects upon hierarchy stability and upon individuals with differing ranks. Therefore, our study suggests that ecological variability has a major impact on individuals and their position within dominance hierarchies. Future experimentation should assess the impact of other ecological variations that may have a major impact on behaviour and ecology.
